Broad-band seismic data from the southern African seismic experiment and the AfricaArray network are used to investigate the seismic velocity structure of the upper mantle beneath southern Africa, and in particular beneath the Kaapvaal Craton. A two-plane approximation method that includes a finite frequency sensitivity kernel is employed to measure Rayleigh wave phase velocities, which are inverted to obtain a quasi-3-D shear wave velocity model of the upper mantle. We find phase velocities for the Kaapvaal Craton and surrounding mobile belts that are comparable to those reported by previous studies, and we find little evidence for variation from east to west across the Namaqua-Natal Belt, a region not well imaged in previous studies. A high-velocity upper-mantle lid is found beneath the Kaapvaal Craton and most of southern Africa. For the Kaapvaal Craton, the thickness of the lid (∼150-200 km) is consistent with the lid thicknesses reported in many previous studies. The cratonic lid is underlain by a ∼100-km thick low-velocity zone with a 3.9 per cent maximum velocity reduction. By comparing the velocity model to those published for other Archean cratons, we find few differences, and therefore conclude that there is little evidence in the shear wave velocity structure of the mantle to indicate that the southern African plateau is supported by an upper-mantle thermal anomaly.
I N T RO D U C T I O N
A first-order topographic feature of the African continent is the ∼1 km high elevations across the southern and eastern African plateaus. This feature, termed the African Superswell (Nyblade & Robinson 1994) , also extends into the southeastern Atlantic Ocean basin where bathymetry is shallower than expected. In eastern Africa, anomalous topography is supported in large part by buoyancy from thermally perturbed upper mantle associated with the East African Rift System (e.g. Nyblade 2011 and references therein). The uppermantle thermal anomaly there is manifest as a low-velocity zone (LVZ) with a large decrease in velocity (i.e. ∼10-12 per cent in the S-wave velocity at depths of 150-350 km; Ritsema et al. 1998; Weeraratne et al. 2003; Nyblade 2011) . In southern Africa, however, it is unclear whether support for the anomalous topography is caused by a thermal perturbation in the lithospheric mantle (Nyblade & Sleep 2003) , the sublithospheric upper mantle (e.g. Deen et al. 2006; Li & Burke 2006; Burke & Gunnell 2008) , or the lower mantle (e.g. Lithogow-Bertelloni & Silver 1998; Gurnis et al. 2000 ; * Now at Chevron, Covington, LA 70433, USA. Conrad & Gurnis 2003; Simmons et al. 2007) or some combination of all three.
Previous studies, described in greater detail in Section 2, have employed a range of seismic imaging methods to characterize uppermantle structure beneath southern Africa and determine if seismic velocities indicate the presence of a thermal anomaly sufficiently large to support the high plateau topography observed there. Many studies find only a small decrease in sublithospheric velocities, providing little support for the suggestion that the topography of southern Africa results from an upper-mantle thermal anomaly (e.g. Zhao et al. 1999; Freybourger et al. 2001; James et al. 2001; Saltzer 2002; Fouch et al. 2004b; Larson et al. 2006; Chevrot & Zhao 2007; Hansen et al. 2009 ). Other studies, however, suggest that southern Africa is characterized by a sublithospheric mantle with a pronounced LVZ (e.g. Priestley 1999; Li & Burke 2006; Priestley et al. 2006; Wang et al. 2008) , indicative of a substantial thermal anomaly in the upper mantle.
In this study, we investigate further the seismic velocity structure of the upper mantle under southern Africa and reevaluate the evidence for a thermal anomaly. We focus our investigation on the Kaapvaal Craton, where data coverage is best, but also present results for some surrounding geologic areas, including the Namaqua-Natal Belt and the Kheis Province (Fig. 1) . We use a two plane wave approximation method (Forsyth & Li 2005) to measure phase velocities for periods between 17 and 167 s, which we invert for shear wave velocity structure following the method of Julia et al. (2000) . We employ a data set combining new AfricaArray data together with data from the Southern Africa Seismic Experiment (SASE) and Global Seismic Network (GSN) stations. In addition to using an expanded data set, our study differs from previous studies in that in our modelling we account for finite frequency effects on Rayleigh wave propogation and use new estimates of crustal structure as a priori model constraints.
B A C KG RO U N D

The geology of southern Africa
The Southern African Shield, consisting of Archean cratons and Proterozoic mobile belts, is characterized topographically by anomalously high elevations averaging more than 500 m higher than the global continental average elevation (Nyblade & Robinson 1994) . This study focuses on upper-mantle structure beneath the centre portion of the Shield, which is composed of the Archean Kaapvaal Craton, the Paleoproterozoic Kheis Province and the Neoproterozoic Namaqua-Natal Belt (Fig. 1) .
The Kaapvaal Craton, which covers an area of 1.2 million square kilometres and formed between 2.7 and 3.7 Ga (de Wit et al. 1992) , can be divided into the Pietersburg, Witwatersrand, Kimberley and Swaziland terrains (de Wit et al. 1992; Eglington & Armstrong 2004) . The Swaziland terrain is the oldest part of the Kaapvaal Craton and consists of the Ancient Gneiss complex and the southern Barberton Greenstone Belts (3.4-3.55 Ga; Fig. 1 ; Eglington & Armstrong 2004) . The basement of the younger Witwatersrand terrain to the north and west includes granitoid plutons and the northern Barberton Greenstone Belts. The Swaziland and Witwatersand terrains are separated by the Inyoka Fault, marking the suture between the two terrains, which occurred at approximately 3.2 Ga (de Wit et al. 1992; Eglington & Armstrong 2004) .
The basement of the Kimberley terrain ( Fig. 1 ) includes greenstone belts, gneisses and deformed volcanosedimentary sequences (e.g. Anhaeusser 1999; Schmitz et al. 2004) . The Kimberley terrain was accreted to the western margin of the combined Swaziland and Witwatersrand terrains approximately 2.88-2.93 Ga ago. The Colesberg Magnetic Lineament demarcates the location of the suture . To the north, the Pietersburg terrain was accreted between 2.8 and 3.1 Ga, and the Thabazimbi-Murchison Lineament forms the southern boundary of this terrain ( Fig. 1 ; Eglington & Armstrong 2004) .
The assembly of the Kaapvaal Craton was completed by 2.75 Ga (e.g. Tinker et al. 2002; Eglington & Armstrong 2004) . Following its formation, additional crustal material was added to the craton through sedimentation and magmatism. Between 2.06 and 2.1 Ga, one of the largest layered mafic intrusions anywhere, the Bushveld Complex (Fig. 1) , was emplaced into the northern part of the craton. And across the craton, basement rocks have been covered by a series of sedimentary basins ranging in age from 1.8 to 3.1 Ga.
The Kaapvaal Craton is bordered on three sides by mobile belts. To the north, the Archean Limpopo Belt joins the Kaapvaal Craton to the Archean Zimbabwe Craton (Fig. 1) . The Limpopo Belt consist of highly metamorphosed granite-greenstone and granulite terrains,
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A. Adams and A. Nyblade which underwent a series of orogenic events between 2.0 and 3.0 Ga during the suturing of the Kaapvaal and Zimbabwe Cratons (McCourt & Armstrong 1998; Kramers et al. 2006) .
To the south, the Kaapvaal Craton is bordered by the Namaqua-Natal Belt (Fig. 1) . The Namaqua-Natal Belt is a band of igneous and metamorphic rocks from the Namaqua or Kibaran Orogeny (1.0-1.2 Ga). Much of the belt has been covered by phanerozoic sediments, but surficial exposures are found in the eastern Natal sector and the western Namaqua sector (Thomas et al. 1994; Cornell et al. 2006) . The Namaqua sector is separated on its northeastern boundary from the Kaapvaal Craton by the Kheis Province (Fig. 1) , a fold-thrust belt of low-grade metamorphosed supracrustal rocks, with structures thought to pre-date the Namaqua Orogeny (approx. 2.0 Ga; Moen 1999; Eglington & Armstrong 2004; Cornell et al. 2006) . The boundaries between the Namaqua-Natal Belt and the Kheis Province and between the Kheis Province and the Kaapvaal Craton are not well defined due to a limited number of dates and difficulties with defining boundaries based on tectonic structures alone (Moen 1999 ).
Previous studies of southern Africa
Southern Africa has been the subject of numerous seismic studies over the past several decades. Some of the earliest seismic studies used body wave traveltimes from tremors in the Witwatersrand gold mines to determine average crustal velocities and thickness (e.g. Gane et al. 1949 Gane et al. , 1956 Willmore et al. 1952) . These studies concluded that there was little variation in crustal structure, and that the crust was underlain by high-velocity mantle rock. Bloch et al. (1969) used seismograms from regional events recorded on worldwide standard seismograph network and other local seismic stations to measure phase and group velocities for surface waves. From their measurements, they obtained shear wave models of the crust and upper mantle that confirmed the existence of a highvelocity upper mantle. But their results suggested greater variability in crustal structure than reported in previous studies, as well as the presence of several thin low-velocity layers in the upper mantle (Bloch et al. 1969) .
The deployment of the Southern African Seismic Experiment (SASE) stations (Carlson et al. 1996) and, more recently, AfricaArray stations (www.africaarray.org), has allowed for renewed and more detailed studies of the crust and upper mantle beneath southern Africa (e.g. Nguuri et al. 2001; Niu & James 2002; Li & Burke 2006; Nair et al. 2006; Kgaswane et al. 2009 ).
Several studies have used SASE data and receiver function analysis to estimate crustal thickness and V P /V S ratios in southern Africa (e.g. Nguuri et al. 2001; James et al. 2003; Nair et al. 2006) . These studies found that crustal thickness beneath the Kaapvaal Craton varies from 35 to 45 km, and is slightly thicker (40-to 53-km thick) beneath the Bushveld Complex. For the Kheis Province and the Namaqua-Natal Belt, they obtained crustal thickness estimates of 40 and 40-50 km, respectively. Nguuri et al. (2001) and Nair et al. (2006) also report estimates of V P /V S ratios greater than 1.78 for these two terrains, values which indicate the presence of mafic lithologies within the crust.
More recently, Kgaswane et al. (2009) conducted a study of crustal and uppermost mantle structure in southern Africa by jointly inverting receiver functions and Rayleigh wave group velocities for both SASE and AfricaArray stations. They found that the average crustal thickness within the four main terrains of the Kaapvaal Craton varied between 37 and 39 km, with a few kilometres of thickening beneath the Bushveld Complex. They report a similar Upper mantle velocities in Southern Africa 811 crustal thickness of 39 km for the Kheis Province, and within the Namaqua-Natal Belt, crustal thickness that ranges from 26 km near the Cape Fold Belt to 46 km near the Kaapvaal Craton. These results are generally consistent with those reported by previous studies using SASE data.
As mentioned in Section 1, many seismic studies have attempted to characterize the seismic structure of the lithospheric mantle (i.e. seismic lid) in southern Africa and determine whether or not there is a significant LVZ in the upper mantle beneath it. Every study has found that southern Africa is underlain by a high-velocity uppermantle lid that is at least 150-km thick, but the thickness of the lid and the amount of velocity reduction beneath the lid varies considerably between studies. A brief review of these studies follows, and where the studies present results relevant to just the Kaapvaal Craton, we highlight those results. Priestley (1999) , building on the model of Qui et al. (1996) , developed a shear wave model for southern Africa by matching regional S waveforms and previously reported phase velocity measurements (Bloch & Hales 1968; Bloch et al. 1969) . The Priestley (1999) model included a high-velocity lid extending to a depth of 160 km, underlain by an LVZ with minimum velocities between 4.35 and 4.53 km s −1 and a thickness of ∼180 km. These findings are consistent with the more recent studies by Preistley et al. (2006 Preistley et al. ( , 2008 . Priestley et al. (2006) constructed an SV model for southern Africa using fundamental and higher mode surface waves, and found a lithospheric thickness of 175 km. They also used kimberlite nodules to estimate a geotherm for southern Africa, and from it estimated a lithospheric thickness of 204 km. Priestley et al. (2008) constructed an SV model for the entire African continent using fundamental and higher mode Rayleigh waves and report high velocities to a depth of 170 km beneath the Kalahari Craton, consistent with Priestley et al. (2006) . Zhao et al. (1999) used P waveforms and traveltimes from a South African mine event recorded on a network of stations in Tanzania to model the P and SV velocity structure beneath southern Africa. They found that P and SV velocities in the upper 300 km smoothly increase with depth, providing little evidence for an LVZ beneath the lithosphere. Freybourger et al. (2001) measured Rayleigh and Love wave phase delays for 10 earthquakes recorded on SASE stations, and then inverted for S velocities in the mantle. They did not find any evidence for a significant velocity decrease within the upper 200 km of the mantle, but did find that the upper 100 km of the mantle was radially anisotropic (∼4 per cent). Saltzer (2002) also obtained similar results using phase delays from Rayleigh and Love waves measured at SASE stations. Simon et al. (2002) used regional P-wave traveltimes recorded on SASE stations to estimate the seismic structure of the upper 800 km of the mantle beneath southern Africa. They did not observe any significant decrease in velocities within the upper 400 km of 812 A. Adams and A. Nyblade the mantle, and they also found little evidence for thinning of the transition zone, indicating the absence of a thermal anomaly at those depths.
A P and S wave tomography study by Fouch et al. (2004b) using SASE data found a high-velocity upper-mantle lid (∼0.6 per cent faster than their reference model for P and SV velocities) extending to depths between 250 and 300 km, with no evidence for a low-velocity asthenosphere. They found reduced velocities in the upper mantle beneath the Bushveld Complex and suggested that the reduction in velocity may be due to alteration during the emplacement of the Bushveld Complex or during the Karoo magmatic event (∼180 Ma). They also found reduced velocities in the upper mantle beneath the Cape Fold Belt and the Namaqua-Natal Belt. Silver et al. (2004) analysed azimuthal anisotropy in southern Africa obtained from S-wave splitting measurements (Silver et al. 2001; Fouch et al. 2004a) . The fast direction of anisotropy is primarily in an east to northeast direction, and is most well developed along the western and northern boundaries of the Kaapvaal Craton. Silver et al. (2004) suggested that most of the anisotropy is within the lithospheric mantle and that it developed during orogenic events prior to 1.8 Ga. Others have attributed the pattern of anisotropy to flow in the sublithospheric mantle (e.g. Vinnik et al. 1995) .
Using a combination of xenolith data and Rayleigh wave phase velocities measured between SASE station pairs in the Kaapvaal Craton and the Kheis Province, Larson et al. (2006) developed a shear wave model for southern Africa that does not include a significant LVZ in the upper mantle. Furthermore, Larson et al. (2006) argued that their measured phase velocities cannot be matched by a shear wave model with a significant LVZ such as that proposed by Priestley (1999) . Li & Burke (2006) used a two plane-wave approximation method (Forsyth & Li 2005) to measure Rayleigh wave phase velocities for the SASE network, and then inverted them for a model of mantle SV velocities. Their models show a high-velocity upper-mantle lid, with thickness varying from 80 and 180 km between the mobile belts and the cratons, underlain by an LVZ between the depths of 160 and 260 km, where velocities are on average 4 per cent slower than lid velocities. In the southern Kaapvaal Craton, Li & Burke (2006) reported that the minimum LVZ velocity is 5 per cent slower than the maximum lid velocity. They interpreted this velocity reduction to be indicative of a thermally perturbed upper mantle that distinguishes the sublithospheric mantle under the Kaapvaal Craton from the sublithospheric mantle under Archean cratons in other parts of the world. Their models also show that at depths less than 100 km, the northern Kaapvaal Craton is slow relative to the southern Kaapvaal Craton. In a study following the same methodology but accounting for finite frequency effects, Li (2011) reached a similar conclusion that the lithosphere beneath the Kaapvaal Craton extends to depths of 160-200 km. Deen et al. (2006) used a combination of geochemical data from xenoliths and seismic velocities from a global velocity model (Grand 2002) to model density and geotherms beneath Africa and areas surrounding other cratons. From these models, they made inferences about the composition of the lithospheric mantle, reporting that the composition of the lithospheric mantle beneath the Kaapvaal Craton is a depleted 'Archon-type'.
Using phase delays from fundamental mode Rayleigh waves recorded on SASE stations, Chevrot & Zhao (2007) inverted for a 3-D shear wave model of southern Africa that included finite frequency effects on wave propagation. Their results show little evidence for an LVZ under the high-velocity lid of the Kaapvaal Craton, with fast velocities extending to a depth of at least 250 km beneath most of the Kaapvaal Craton. They also suggested that the Colesberg Magnetic Lineament coincides with a velocity contrast between the Witwatersrand and Kimberley terrains at depths between 100 and 200 km, and that the lower velocities they image in the southeastern portion of the Kaapvaal Craton could have resulted from metasomatism and lithospheric heating during the initial formation of the Atlantic Ocean ca. 180 Ma. Wang et al. (2008) used triplicated P and S phases from an event in East Africa recorded on the SASE stations to model P and SH velocities in the upper mantle beneath southern Africa. They find evidence for a 150-km thick, high-velocity upper-mantle lid underlain by a 200-km thick LVZ, where SH velocities are reduced by 5 per cent and P velocities are reduced by 2 per cent.
In a study of S-wave receiver functions and Rayleigh wave phase velocities for SASE, AfricaArray and GSN stations, Hansen et al. (2009) estimated that the lithosphere under the Kaapvaal Craton extends to a depth of 160 km, and that an LVZ of no more than 90-km thick with an approximate 4 per cent decrease in velocity exists under the lithosphere. They argued that the depth and thickness of the LVZ is not necessarily anomalous when compared to the upper-mantle structure beneath other Archean cratons. Pedersen et al. (2009) inverted surface wave dispersion curves for shear wave velocity structure beneath the Kaapvaal Craton, the Slave Province, the cratonic region of South-Central Finland and the Yilgarn Craton. For the inversion for structure beneath the Kaapvaal Craton, Pedersen et al. (2009) used a combination of dispersion curves published by Larson et al. (2006) and Li & Burke (2006) . They used dispersion curves for both the southern Kaapvaal Craton and the northern Kaapvaal Craton, which includes the Bushveld Complex. Pederson et al. (2009) concluded that lithospheric shear wave velocities were similar beneath the Kaapvaal Craton, Slave Province and South-Central Finland, but that velocities in the lithosphere of the Yilgarn Craton were faster. They also concluded that there is an LVZ beneath the Kaapvaal Craton, but that its depth extent and velocity reduction are poorly resolved. Begg et al. (2009) used a combination of compositional measurements from xenoliths with the seismic tomography model from Grand (2002) to characterize the upper mantle beneath Africa. Their model shows a high-velocity lid extending to at least 250 km, with no evidence for reduced velocities beneath this lid when compared to the mantle beneath the rest of Africa at comparable depths. Based on xenolith geochemistry, they estimate that the subcontinental lithospheric mantle extends to a depth of approximately 200 km beneath the Kaapvaal Craton.
In addition to the growing number of seismic studies of the upper mantle beneath the Kaapvaal Craton, a number of studies have also employed xenolith composition and thermo-barometry measurements to characterize the cratonic upper mantle of the region (e.g. Eaton et al. 2009; Rudnick & Nyblade 1999 and references therein). For example, Eaton et al. (2009) study xenolith and xenocryst thermo-barometry and report that the lithospheric thickness beneath the Kimberley region of southern Africa is between 195-and 215-km thick, and do not find evidence of asthenospheric material. James et al. (2004) used xenolith composition to estimate P-and S-wave velocities and densities, and showed that although there is a decrease in velocity with depth in the lithospheric mantle, the minimum velocity obtained is 4.55 km s −1 , which is greater than what is typically considered to be an asthenospheric velocity.
P H A S E V E L O C I T Y I N V E R S I O N
Data and processing
Our study area is 1650 km × 1442 km and includes the Kaapvaal Craton and the surrounding Kheis Province and Namaqua-Natal Belt, but not the Limpopo Belt, Cape-Fold Belt or Zimbabwe Craton (Fig. 1) . This area was selected to allow for investigation of mantle structure beneath the interior portion of the Southern African Shield, where our data set provides the best ray coverage, while simultaneously minimizing the total aperture between stations. The additional constraint of limiting the aperture between stations is necessary because of the assumption of planar waves on a spherical Earth when employing the two plane-wave method to measure phase velocities (Donald Forsyth, personal communication, 2009) .
In this study, we use data from a large number of broad-band stations spread across our study area (Fig. 2) . The stations belong to the GSN (stations LBTB, BOSA and SUR), the AfricaArray network (www.africaarray.org), and the IRIS/PASSCAL SASE (Carlson et al. 1996) .
The SASE experiment consisted of 78 broad-band stations deployed from April 1997 to July 1999. The stations were installed in a linear swath extending from the Cape Fold Belt in the southwest to the Zimbabwe Craton in the northeast (Fig. 2) . Thirtytwo stations remained in the same position during the entire experiment, whereas 23 stations were redeployed after 1 yr. Streckeisen STS-2 seismometers were used in these stations; other details about this experiment can be found in Carlson et al. (1996) or at (www.dtm.ciw.edu/mantle/kaapvaal). For this study, we use data from 69 SASE stations, located south of 22
• S latitude. The AfricaArray permanent network consists of broad-band stations throughout the continent. We use data from nine stations in South Africa in operation since 2006. Seismometers at these stations include KS2000, Gulralp 3T and Gulrap 40T models. The locations of the AfricaArray stations improve data coverage in the southeastern part of the Southern African Shield where no SASE stations were located.
For events recorded by SASE stations within our study area, we used windowed and filtered data that was processed by Li & Burke (2006) , and have followed a similar processing technique for events recorded on AfricaArray and GSN stations. Events were selected to add to the data set only if they had a high signal-to-noise ratio, and were well recorded on at least five stations. Individual records were selected for inclusion in the inversion if the unfiltered data had no clear interference patterns or timing problems before filtering. Because it is important to model both constructive and destructive interference of the two plane waves within our study area, low signal-to-noise ratio at a single station for a generally well-recorded event was not a sufficient reason to eliminate the record. By including data from both SASE stations (Li & Burke 2006) and AfricaArray and GSN stations, we use a total of 101 events with ms > 5.8, providing good azimuthal coverage (Fig. 3) . To illustrate the data coverage, in Fig. 4 we show ray paths for event station pairs for 50 s Rayleigh waves.
Each record was processed separately for 20 periods ranging from 17 to 167 s. At each period, records were filtered using a zero-phaseshift 10-mHz wide bandpass filter centred around each frequency of interest. A single window length was manually selected for each period-event combination such that it contained the Rayleigh wave arrivals at all stations. For each period, the same window length was used for all stations recording a particular event. This windowing process limits noise and interference from body wave arrivals and the surface wave coda. The phase and amplitude of the Rayleigh wave in each seismogram were then calculated using Fourier analysis.
Inversion methodology
Many surface tomography studies assume that the incoming surface wavefield from an earthquake can be represented by a single plane wave propagating along a great-circle path from a source to a receiver. Although this assumption is accurate for a radially symmetric Earth, it neglects the multipathing effects caused by heterogeneities a wavefield may encounter along a real path. To better account for the non-great circle propagation of an incident wave, we model the wavefield for each event in this study using the method of Forsyth & Li (2005) , by estimating the phase, amplitude and azimuth of two hypothetical incoming plane waves before solving for velocity parameters. In the initial approximation of the incoming wavefield, velocity is held constant and iterative simulated downhill simplex annealing is used to approximate the wave parameters Upper mantle velocities in Southern Africa 815 ( Press et al. 1992 ). This process is run for each event, without dependancies on other events, regardless of the source data set (i.e. SASE or AfricaArray). After solving for the initial estimates of wave parameters for each event, a linearized inversion (Tarantola & Valette 1982 ) is used to solve simultaneously for corrections to the combined data set of modelled wave parameters from all events and to the current velocity model by minimizing errors, in a least squares sense.
To implement this methodology, the study region was divided into a set of 667 nodes, with an interior node spacing of 0.5
• and an exterior node spacing of 1
• (Fig. 5 ). An a priori error estimate of 0.15 km s −1 was assigned to each of the nodes to determine damping values, whereas the error estimate for the exterior nodes was assigned a value of 1.5 km s −1 . This differential assignment of estimated error allows any deviations of the incoming wavefield from a single great circle path outside of the study area, which are not accounted for by the two plane wave approximation, to be preferentially mapped into the exterior nodes, outside of our region of primary interest.
To obtain phase velocity maps for each period, a series of inversions were preformed, starting with a simple inversion for an average 1-D velocity dispersion curve for all of the nodes in the study area. We chose to use the average southern Africa phase velocities from Li & Burke (2006) as our starting model for the average 1-D inversion, but tests that we performed using different starting models indicated that the inversion is sensitive to the starting model only for periods of 20 s or less. The average 1-D curve we obtained from this initial inversion was then used as a starting model to invert for average 1-D velocity curves within the craton and mobile belts parameterized in Fig. 5 . Velocity curves for the craton and mobile belts were in turn used as starting models for an inversion for 2-D velocity maps. This approach minimizes the bias imposed by the starting model on the 2-D inversions for phase velocity maps.
The 1-D models in our study used a Gaussian sensitivity function to represent sensitivity to structures off of the great-circle paths of the two plane waves. Many studies, however, have shown that because the frequencies of surface waves are finite, this Gaussian approximation is only valid for structures larger than the characteristic wavelength of the period being measured (e.g. Zhou et al. 2004; Yang & Forsyth 2006a ). Zhou et al. (2004) developed a method of calculating finite frequency sensitivity kernels for both the phase and amplitudes of surface waves from source to receiver. They demonstrated that the sensitivity of surface waves to off path structure varies along the assumed great-circle travel path, as well as away from the path in both polarity and amplitude. Yang & Forsyth (2006a) applied the kernels developed by Zhou et al. (2004) to regional surface wave tomography studies using both one and two plane waves, and demonstrated that the resolution of small features can be improved by accounting for the finite frequency effects of surface wave propagation. Therefore, in our 2-D models, we account for the finite frequencies effects of surface wave propagation for our two plane wave tomography following the method described and applied by Yang and Forsyth (2006a,b) . We also solve for an average azimuthal anisotropy at each period.
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Phase velocity results
Average 1-D phase velocities for the entire study area are shown in Fig. 6 , and are compared with phase velocities reported by Li & Burke (2006) . Good agreement between the dispersion curves is found. Fig. 7 shows the 1-D phase velocity dispersion curve for each of the areas within the study region. The Namaqua-Natal Belt has significantly lower velocities than the other geologic regions at all periods. The velocities of the Kheis Belt are comparable to the Kaapvaal Craton at periods of 100 s and less. The phase velocities of the northern and southern Kaapvaal Craton are similar, but at periods less than 100 s, the southern part of the craton is slightly faster, whereas the northern part of the craton is faster at periods greater than 100 s. Fig. 8 shows 2-D velocity maps for selected periods. At all periods, the Kaapvaal Craton is faster than the Namaqua-Natal Belt and the Kheis Belt. Velocities are highest in the central region of the Kaapvaal Craton, and we do not observe systematic differences between the Kimberley, Witwatersrand and Swaziland terrains across the southern Kaapvaal Craton at any period. However, variations on this scale, if present, might not be well resolved at all periods. In the northern Kaapvaal Craton, low velocities are observed around the Bushveld Complex for periods of 50 s and less. At longer periods, however, velocities are comparable throughout the Kaapvaal Craton. When compared to the Kaapvaal Craton, velocities are lower at all periods for the Namaqua-Natal Belt, but there are no significant differences in velocity between the Namaqua and Natal Provinces.
As above-mentioned, the 2-D velocity models not only include finite-frequency wave propagation, but also include a solution for an average azimuthal anisotropy at each period. Fig. 9 shows the fast direction and per cent velocity change at each period. The fast direction is predominantly east-northeast, which is consistent with findings from previous studies of shear wave splitting (e.g. Silver et al. 2004) . Variations in the fast direction and per cent velocity change at different periods are small, indicating similar anisotropic characteristics at different depths.
The error bars shown in Figs 6 and 7 indicate a formal error estimate of one standard deviation calculated during the 1-D inversions. These error estimates are probably unrealistically small, and a more reasonable estimate of error is obtained for the 2-D inversions based upon the diagonals of the covariance matrices. Fig. 10 illustrates model uncertainty at 50 s for this study when only the data from Li & Burke (2006) is used, without accounting for anisotropy or finite frequency effects. The figure illustrates the improved resolution achieved by the addition of these features in this study. These plots are based, in part, on the a priori uncertainties, which were chosen to be conservative and consistent with previous studies. Given this dependency, the error estimates in Fig. 10 are best interpreted as relative errors within the study area. We choose to crop our 2-D maps of phase velocity to show only areas with uncertainty less than 0.06 km s −1 , which is an intermediate value compared to those used in similar studies (e.g. Weeraratne et al. 2003; Li & Burke 2006) .
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To further examine the resolution of the phase velocity maps, we have preformed checkerboard tests. The resolution matrix at each period was used to map how well velocity perturbations in a pattern square checkers of a variety of sizes could be resolved. The shape, location and amplitudes of the 2-degree checkers are well resolved for periods less than 125 s and 3-degree checkers are well resolved at greater periods (Fig. 11) . As expected, resolution is best where we have the highest concentration of stations in the centre of the study area. There is slight smearing of the checkerboard structure to the northwest and southeast, but the general shape of the checkers is still recovered. Resolution is best for periods of 25-87 s. The resolution of a single 2-degree square anomaly among an otherwise homogeneous model was also tested for 100 s period (Fig. 11) , further indicating that model resolution is good at the 2 degree level, at least within the centre of the study area. Results from the checkerboard resolution tests for other periods can be found in Adams (2010) .
I N V E R S I O N F O R S H E A R V E L O C I T Y S T RU C T U R E
Method of inversion for shear wave velocity
We invert our phase velocity measurements for shear wave velocities to obtain a quasi-3-D velocity structure of the upper mantle beneath southern Africa following the method described by Park et al. (2008) . In this method, at each of the interior nodes (Fig. 5) , we first invert for a 1-D shear wave profile, with crustal structure constrained by a priori information, and then apply a lateral smoothing operator to the 1-D models. Lateral smoothing is applied using a Gaussian weight with a characteristic length of 150 km away from each node. Adams (2010) shows results from tests using a range of lateral smoothing lengths.
To invert phase velocity dispersion curves for shear wave velocity profiles at each grid node, we use the inversion methodology of Julia et al. (2000) . This method was designed to jointly model dispersion and receiver function data using an iterative damped generalized linearized inversion by minimizing a weighted least squares norm of the data. To apply the method of Julia et al. (2000) to our inversion using only phase velocities, the weight assigned to receiver function data is set to zero.
For the inversions, we use 1-D models constructed with 6-kmthick layers extending to a depth of 260 km, and 10-km-thick layers extending to a depth of 810 km. Below 810 km depth, three 30-km thick layers are included, followed by one 50-km-thick layer and then a half-space. To account for the sensitivity of phase velocities to crustal structure, we employ a different starting model for the upper 50 km (crust and top-mantle layer) for the nodes in each geologic region, taken from Kgaswane et al. (2009;  Table 1 ). Below 50 km, the velocities for each starting model were linearly tapered to a velocity model at 410-km depth obtained from inverting the averaged 1-D phase velocity curve for the entire region shown in Fig. 6 .
During each inversion, a minimal smoothing parameter was applied to the crustal layers to prevent large and unrealistic variations in velocity between layers. Also, to constrain Moho depths to those reported by Kgaswane et al. (2009) , while simultaneously allowing for a large velocity change across the Moho, a 1-km-thick layer was included above and below the Moho. Velocities in the 1-km-thick layers were weighted, but not fixed or smoothed.
Shear wave velocity results
Our quasi-3-D shear wave model is illustrated with several depth slices and cross-sections in Fig. 12 . In the upper 200 km of the model, similar velocities are found within the Witwatersrand, Swaziland and Kimberley terrains, which comprise the southern portion of the Kaapvaal Craton, and there is little evidence for systematic variations between terrains. Beneath this part of the Kaapvaal Craton, the uppermost mantle has maximum velocities of approximately 4.65 km s −1 . At depths between 100 and 250 km, shear wave velocities are reduced and reach a minimum velocity of approximately 4.5 km s −1 at 175 km depth (i.e. a 3.9 per cent reduction from the highest lid velocity).
Velocities in the northern Kaapvaal Craton are similar beneath the Bushveld Complex and the Pietersburg Terrain. In these regions, velocities do not vary significantly with depth throughout the uppermost mantle, and remain between 4.5 and 4.6 km s −1 to a depth of at least 150 km. Velocities reach a minimum of 4.45 km s −1 at a depth of 175 km, which is comparable, within our uncertainties, to velocities at that depth beneath the southern part of the Kaapvaal Craton.
Velocities in the upper 150 km of the Kheis Province are as high as 4.65 km s −1 . At depths greater than 150 km, velocities are reduced, reaching a minimum velocity of 4.4 km s −1 at 250 km depth. This represents a 5 per cent reduction in velocity from the highest velocities in the lid.
Velocities in the uppermost mantle beneath the Namaqua-Natal Belt vary between 4.5 and 4.6 km s −1 , but these variations do not appear to be correlated from east to west. At depths between 125 and 300 km, velocities are reduced by up to 5 per cent, reaching a minimum velocity of 4.35 km s −1 at 200 km depth. Velocities at all depths are comparable in the eastern Natal and western Namaqua regions. Fig. 13 shows average 1-D models for each geologic region, obtained by averaging the velocity at each depth for each node in the region, along with one standard deviation of the mean value. For comparison, the AK135 model is also shown (Kennett et al. 1995) . All regions exhibit a high-velocity lid at shallow mantle depths, underlain by a reduction in velocity, but the absolute velocities and the depth at which the velocity reduction occurs varies between the craton and mobile belts. At depths less than 125 km, all regions within our study area are faster than AK135, but at greater depths, all regions are comparable to or slightly slower than AK135.
D I S C U S S I O N
In this section, we first compare our model results to models from several other studies, and then investigate to what extent the uppermantle structure beneath southern Africa may be thermally perturbed by comparing our model results to the upper-mantle shear velocity structure of other cratonic regions. Because there is evidence of radial anisotropy in the upper mantle beneath southern Africa (Saltzer 2002) , we only use SV models in our comparisons. And we also limit our comparisons to models for the terrains of the same age as those in our study area.
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A. Adams and A. Nyblade Other published SV velocity models for the Kaapvaal Craton are shown in Fig. 14. Relative to our shear wave model, the model by Hansen et al. (2009) is faster at depths greater than 240 km and slower at shallower depths. The Hansen et al. model fits the phase velocity measurements published by Li & Burke (2006) , illustrating the trade-off between velocities at different depths when fitting dispersion curves. Nevertheless, when taking into account uncertainties in the models, the models are generally similar. The model from Larson et al. (2006) has a faster lid than our model, and shows little reduction in velocity beneath the lid. Li & Burke (2006) show a model with a lid that is faster than our lid, but which is comparable to our model at depths greater than 225 km. A study of shear wave velocity in southern Africa by Chevrot & Zhao (2007) does not report average shear wave velocities, but by comparing our shear wave velocity maps to their velocity perturbation maps, we observe similar patterns in velocity variation at depths greater than Upper mantle velocities in Southern Africa 821 200 km. At depths of 100-150 km, Chevrot & Zhao (2007) show lower velocities in the southeastern portion of the craton compared to other parts of the craton, which we do not observe.
The shear wave models of Li & Burke (2006) and Larson et al. (2006) were calculated from the inversion of Rayleigh wave phase velocities, and it is instructive to compare the dispersion curves to see why our models of mantle structure differ from theirs. Fig. 15 compares our observed and predicted phase velocities for the southern Kaapvaal Craton to those reported by Li & Burke (2006) and Larson et al. (2006) . At all periods, phase velocities from Larson et al. (2006) are equal to or faster than our measured velocities. Phase velocities from Larson et al. (2006) were measured using the two-station method along ray paths that were primarily oriented in a northeast-southwest direction. This direction is consistent with the fast direction of anisotropy found in our study (Fig. 10 ) and previous studies (Silver et al. 2001 (Silver et al. , 2004 Fouch et al. 2004a) , which might explain why their model is faster than ours.
Overall, our phase velocities are similar to those measured by Li & Burke (2006) , with Li & Burke's (2006) being slightly faster at periods less than 100 s and slightly slower at periods greater than 100 s (Fig. 15) . Li & Burke (2006) also used a slightly thicker (3 km) crust in their model than the one we used. Modelling tests show that the differences in the shear wave models shown in Fig. 14 result from the variations in the phase velocity curves (Fig. 15) and from the different crustal models used, rather than from a difference in inversion methods.
Velocities in our shear wave model for the craton are also consistent with shear wave velocities estimated from xenoliths (James et al. 2004) . James et al. (2004) find a maximum velocity of 4.71 km s −1 in the upper-mantle lid at a depth of 50 km, and a minimum velocity of 4.49 km s −1 at a depth of 200 km. Within our model uncertainties, the xenolith-derived velocities are similar to the maximum (4.67 km s −1 ) and minimum (4.49 km s −1 ) velocities in our model within comparable depth intervals. Fig. 13 shows a comparison between our average models and those from Li & Burke (2006) for regions where our study areas overlap. For the northern Kaapvaal Craton, Li & Burke (2006) find lid velocities that are faster than ours, but similar minimum velocities beneath the lid. For the Western Namaqua-Natal Belt, we find mantle lid velocities that are comparable to those from Li & Burke (2006) , within the variability of our model. At depths between 125 and 275 km, we find a greater reduction in velocity relative to Li and Burke's model, but the variability in our model indicates that the differences between our studies may not be resolvable. Uppermantle lid velocities for the Kheis Province are similar between our study and Li & Burke (2006) , but at depths greater than 150 km, our velocities are up to 0.15 km s −1 slower than those reported by Li & Burke (2006) .
In the northern section of the Kaapvaal Craton, we observe that velocities in the upper 150 km are 0.05-0.1 km s −1 slower than in the southern section of the craton. Our model uncertainties may be insufficient to confidently interpret these velocity variations. However, in their P-and S-wave tomography images of the Kaapvaal Craton, Fouch et al. (2004b) also find lower velocities beneath the Bushveld Complex, as well as to the west of the Bushveld Complex, compared to velocities at similar depths beneath the southern Kaapvaal Craton, which is consistent with our results. Fouch et al. (2004b) suggest that the lower velocities in the northern Kaapvaal Craton may be due to refertilization and metasomatism during the emplacement of the Bushveld Complex ∼2.1 Ga.
To address the question of whether or not the upper mantle beneath southern Africa is thermally perturbed, we now compare our model for the Kaapvaal Craton to SV velocity models for other Archean cratons. We also discuss results from previous studies of xenoliths in the Kaapvaal Craton and other Archean cratons that have relevance to upper-mantle thermal structure. We focus on the southern Kaapvaal Craton because the resolution is best in this part of our model and to also avoid complications from the possible alteration of the northern Kaapvaal Craton lithosphere by the Bushveld Complex. Fig. 16 shows our average model for the southern Kaapvaal Craton with SV models for other Archean cratons. The models for the Slave (Chen et al. 2007) and Tanzania (Weeraratne et al. (2003) Cratons were obtained from phase velocities measured using the two plane wave approximation method employed in this study (Forsyth & Li 2005) . Pedersen et al. (2009) inverted phase velocities for Yilgarn Craton of western Australia from Fishwick et al. (2005) . Darbyshire et al. (2007) used a Monte Carlo method (Shapiro et al. 1997) to model phase velocities measured using a two-station method, and presented shear wave velocity profiles for many two-station paths across the Superior Province. We show the average of their profiles from the central part of the Superior Province (Fig. 16) .
Considerable variation exists between the cratons. The Slave Craton, Superior Province and Yilgarn Craton have average velocity reductions of 2.5, 4.1 and 1.9 per cent, respectively, from the maximum lid velocity to the minimum velocity in the LVZ, whereas the average velocity reduction for the Tanzania Craton is 12.1 per cent. Li & Burke (2006) and Li (2011) find an average velocity reduction of 5.3 and 4.7 per cent, respectively, for the Kaapvaal Craton, whereas our results indicate a slightly lower velocity reduction of 3.9 per cent. These results indicate that changes in velocity in the upper mantle beneath the Kaapvaal Craton fall within the range of velocity variations observed beneath most other cratons and therefore are not necessarily anomalous. Given this result, we find little conclusive evidence for a thermal anomaly within the upper mantle beneath the Kaapvaal Craton. The velocities beneath the Tanzania Craton, however, are much lower than beneath the other cratons and are likely indicative of thermally perturbed upper mantle.
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A. Adams and A. Nyblade The similarity between the upper-mantle structure of the Kaapvaal Craton and other Archean cratons is also reflected in xenolith data. Rudnick & Nyblade (1999) used a large set of pressure-temperature (P-T) estimates for mantle xenoliths to characterize the average geotherm for the Kalahari Craton (including both the Kaapvaal and Zimbabwe Cratons) and to estimate crustal and mantle heat production. By comparing the Kalahari P-T profile to those from other Archean cratons, they were able to draw comparisons between the thermal structures of the cratons. They found that P-T estimates for the Superior Craton are similar to those for the Kalahari Craton, indicating a similar geotherm for the two cratons. The P-T estimates for the Siberian Craton are, on average, also similar to the Kalahari Craton, but exhibit a large amount of scatter. For the Slave Craton, however, P-T estimates indicate a cooler geotherm than for other Archean cratons (Rudnick & Nyblade 1999) . These findings are consistent the velocity models in Fig. 16 , showing that the upper mantle beneath the Slave Craton is somewhat faster than for the Kaapvaal Craton and the Superior Province.
The thickness of the lithospheric mantle lid beneath Archean cratons is difficult to determine because of uncertainty in how to define the base of the lithosphere seismically. Some studies estimate lithospheric thickness based on absolute velocity comparisons, whereas other studies use the depth of the velocity minimum in the LVZ or else the depth of the maximum negative velocity gradient. If we choose the depth at which the maximum negative velocity gradient occurs as the base of the lithosphere, we obtain a lithospheric thickness of ∼170 km for the Kaapvaal Craton. Regardless of how the base of the lithosphere is chosen, Fig. 16 illustrates that the base of the lithosphere beneath the Kaapvaal Craton probably lies between 150-and 200-km depth, and is comparable to lid thicknesses of other Archean cratons.
C O N C L U S I O N S
In this study, we use data from SASE, AfricaArray and GSN stations to measure Rayleigh wave phase velocities using the two plane wave approximation method of Forsyth & Li (2005) . The method that we use also solves for azimuthal anisotropy and accounts for finite frequency effects of Rayleigh wave propogation. We find phase velocities that are generally similar to previous studies, with phase velocities that are faster in the southern Kaapvaal Craton and slower for the Bushveld Complex and the surrounding mobile belts. We also do not observe evidence of systematic velocity variations between the Namaqua and Natal sectors of the Namaqua-Natal Belt.
We have inverted the phase velocity measurements for a quasi-3-D shear wave velocity model using the inversion technique of Julia et al. (2000) , and compared the shear wave model to models from other studies. The models are generally similar and the small differences in the models that we find result from differences in phase velocities for periods of 40-100 s and a priori constraints used for crustal structure.
We find a high-velocity upper-mantle lid beneath the Kaapvaal Craton and a reduction in shear wave velocities of 3.9 per cent within an LVZ below the lid. When compared to the velocity structure of other cratons, the upper-mantle velocity structure beneath the Kaapvaal Craton does not appear to be anomalous. This conclusion Figure 16 . Velocity models for several cratons. Models are shown for the Slave Craton (Chen et al. 2007) , the central Superior Craton (Darbyshire et al. 2007) , the Tanzania Craton (Weeraratne et al. 2003) , an average of models of the Yilgran Craton from Pedersen et al. (2009) , and the average velocity model for the southern Kaapvaal Craton (this study).
